We demonstrate the ability to measure the CP phase of a Higgs boson state by looking at the decays of heavy, Majorana neutrinos in the process pp → H → N N at the LHC. This is shown for signals with both opposite-sign (l ± l ∓ W ± W ∓ ) and same-sign (l ± l ± W ∓ W ∓ ) leptonic final states. These signals are investigated in the general framework of a sequential fourth generation of fermions with an additional right-handed neutrino. Such a scenario would naturally give rise to heavy Majorana neutrinos as well as significant enhancements to Higgs production via gluon fusion due to the contributions of the new, heavy quark states running in the fermion loops. Combined with the low background inherent to a same-sign lepton signal, this could be a useful way to investigate the CP nature of a Higgs boson state at the LHC.
I. INTRODUCTION
While the Standard Model (SM) has been an extraordinarily successful theory of the strong and electroweak interactions, the precise origins of electroweak symmetry breaking are currently unknown. In the SM, this breaking is the result of the nonzero value for the vacuum expectation value (VEV) of a single scalar field, the Higgs boson, in a process known as the Higgs Mechanism. The SM Higgs boson has not yet been discovered, however.
Furthermore, while the existence of a single Higgs boson -treated as a fundamental scalar particle -may be the simplest way to break electroweak symmetry, it is not the only way nor the most attractive; the weak-scale mass of the Higgs, and its stability under quantum corrections, are unexplained in the SM if it is to be understood as part of a larger theory with mass scale M ≫ M W , such as a Grand Unified Theory (GUT). In directly addressing these shortcomings of the SM, some theories such as weak-scale supersymmetry feature an extended Higgs(-like) sector with multiple scalar bosons. Indeed, such extensions can be found in theories introduced to address other phenomenological issues, including the origin of dark matter [8] [9] [10] [11] and neutrino masses [12, 13] .
A very interesting phenomenological consequence of multi-Higgs theories is the possible introduction of new sources of CP violation, which can arise from the complex mixing between the gauge and mass eigenstates of the Higgs bosons [14] . This was, in fact, one of the primary motivations for first studying the Two Higgs Doublet Model (2HDM) [15, 16] , one of the simplest and most generic extensions to the SM Higgs sector. If a Higgs boson is discovered at the LHC or the Tevatron, determination of its CP nature will then be vital to more fully understanding electroweak symmetry breaking; detection of a CP -violating phase would, for instance, be an indication of an extended sector.
A number of studies have discussed the detection of the CP phase of the Higgs boson using, for instance, angular observables sensitive to CP violation in the HZZ and HW + W − couplings [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] as well as in the decays of the top quark in the process h → tt → bbW + W − [17, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The results in the latter case can apply equally well to other heavy fermions coupling to the Higgs boson and decaying via the W boson. Indeed, extensions of the SM with a fourth generation provide such heavy, fermionic candidates, a scenario which has received renewed interest (see, for e.g., Refs. [40] [41] [42] [43] [44] [45] ).
We consider here a fourth-generation model with a weak-scale Majorana neutrino.
Through its mixing with the known fermions, it can decay to SM leptons via N → l ± W ∓ .
The Majorana nature of these neutrinos then allows for signals with opposite-sign leptons
The latter signal has long been understood to be the discovery mode for heavy Majorana neutrinos at colliders due to the low SM background [46] . We demonstrate here that both the opposite-and same-sign signals may be used in a manner akin to the top quark signals to determine the CP nature of the Higgs boson.
In Sec. II, we describe a heavy, fourth-generation Majorana neutrino in a simple model and give its coupling to the SM Higgs boson and electroweak gauge bosons. We motivate the possible detection of this heavy neutrino in the gg → H → NN mode at the LHC in Sec. III. We then discuss how, in the context of a more general model, the CP phase of a Higgs boson can, in principle, be determined via the angular correlations of the N decay products in the process pp → H → NN.
II. FOURTH-GENERATION MAJORANA NEUTRINO
We begin with a brief discussion of heavy Majorana neutrinos and their couplings to the Higgs boson in the context of a fourth generation 1 . We start with a simple model in which only the fourth-generation neutrino (N) develops mass, and therefore there is no mixing with the SM neutrinos. Consider the following Yukawa couplings and Majorana mass terms:
where
T is the fourth-generation lepton doublet with hypercharge Y = −1/2, and η ν is a SM fermion singlet with hypercharge Y = 0. Here, all χ and η fields are two-component, left-handed
Weyl spinors and τ = −iσ 2 . After electroweak symmetry breaking, the neutral component of the Higgs doublet gets a VEV
and this part of the Lagrangian becomes
The mass terms can now be written as
with the Majorana mass matrix given by.
Here we have defined the Dirac mass m D = Y n v. The mass matrix M n may be diagonalized by a unitary matrix U to give the mass eigenstates
with the eigenvalues
When the Majorana mass term for the neutrino singlet, M, is much larger than m D we
This is the usual see-saw mechanism invoked to explain the smallness of the masses of the known neutrinos when such a procedure is extended to the first three fermion generations (see Ref. [49] and references therein). For the following discussion we consider M to be large enough that N 2 approximately decouples from our theory, leaving us with cos θ ≈ 1 and one fourth-generation Majorana neutrino, N 1 , that couples to the Higgs according to 
where we have relabeled the mass as M N = M 1 . In this limit, N essentially acts as a gauge eigenstate when coupling to the W and Z bosons: 
GeV and electric charge, respectively, of the given quark. We note that bothσ Z andσ H are a factor of 2 larger than the formulas in Ref. [51] , in which the pair production of heavy charged leptons were studied. This is due to the Majorana nature of the neutrinos we consider: a factor of 2 at the amplitude level from two possible Wick contractions of the neutrinos and a factor of 1/2 from identical particle phase space.
We show the partonic cross sections in Eq. 11 convolved with CTEQ6L1 parton distribution functions [50] for pp collisions at These results suggest that if a heavy neutrino related to a fourth generation is produced in pairs at the LHC, they may be directly associated with the Higgs boson (for M H ∼ several hundred GeV) and they may be produced at detectable rates if they are not too massive.
This link with the Higgs boson is particularly true in the Majorana case we study here, where the gluon fusion contributions are enhanced and the Drell-Yan contribution is suppressed.
We note that this assessment agrees with those of previous studies, such as Ref. [55] , who performed a thorough analysis of the rates of production and decay of heavy Dirac and Majorana neutrinos at the LHC. Similar scenarios have also been studied in Refs. [56, 57] .
2 When there is a large mass splitting (∼ several hundred GeV) of these quarks, the gg → Z → N N mode can be similarly enhanced and comparable to the Higgs contribution, a case studied in Ref. [51] for heavy charged leptons. However, corrections to electroweak precision parameters favor much smaller splittings, with ∆m Q4 ≈ 50 GeV [42] . The production of heavy charged leptons from gluon fusion has since been revisited by Ref. [52] , who similarly find the Higgs contribution to be dominant. There can, however, be rather large contributions from an on-shell Z ′ decaying to N N , a case studied in Ref. [53] . The thick black line gives the sum of the individual contributions. In all cases the fourth-generation quark masses are set to m u4 = m d4 = m Q4 = 500 GeV.
IV. AZIMUTHAL DISTRIBUTIONS: CP -VIOLATING CASE
Now that we have motivated the production rates of a heavy neutrino pair in a rather basic fourth-generation model, we consider two extensions. First, we allow small mixings with the first three generations 3 . This allows the heavier neutrino(s) to decay into SM particles, which we parametrize with the neutral-and charged-current interactions
where ν l = ν e , ν µ , ν τ , and l = e, µ, τ . V lN and U ν l N can, in principle, be different and we take each to be arbitrarily small but nonzero for at least one light lepton family. If, as described above, we take l 4 and h to be heavier than N, the N → l ± W ∓ and N → ν l Z modes are the only relevant decays and the total decay width is very narrow. Along with very small values for V lN and U ν l N , this could lead to interesting effects at the LHC such as displaced vertices or long-lived states which escape the detector and appear as large missing energy [58] . However, we assume that the widths are large enough [Γ N > O(10 −16 ) GeV] that the decays of the heavy neutrino are detectable inside an LHC detector. Also, independent of the absolute size of the mixing, we note that the maximum branching fractions to opposite-sign and same-sign final states are BR(
respectively, if there is only appreciable mixing to one generation and the mixing effects in the neutral current are suppressed.
The second extension to the simple model presented in the previous sections, and the one of primary interest to this study, is the possibility of an extended Higgs sector with possible CP violation [14] . If, for example, we allow the Higgs boson state in Eq. 14 to be related to the mass eigenstates by a complex mixing element such that H = R 1i H i then Eq. 14 becomes
For a given H i , the CP behavior depends on the precise nature of the mixing element R 1i .
For our purposes, we will parametrize the mixing in the Higgs sector, along with any residual mixing in the neutrino sector, by a complex parameter A to give the following coupling of the lightest Higgs to a heavy Majorana neutrino:
where Here we take a mostly model-independent approach and present results that will depend only on M N , M H , and α and are independent of the normalization of σ(pp → NN). We also do not consider backgrounds, detector cuts and efficiencies, or the difficulties associated with reconstructing a boosted rest frame.
A. Opposite-signs Case
Given the above definitions, the squared matrix element for
when summed over final-state spins, is
where the four-momenta are defined by 4 These angular correlations were first studied in the CP -conserving case in Ref. [59] .
, and l ± , W ± represent the corresponding four-momenta of the leptons and W bosons. We have used the shorthand notation ǫ(a, b, c, d) = ǫ µνρσ a µ b ν c ρ d σ , where ǫ is the antisymmetric Levi-Civita tensor with the signature ǫ 0123 = +1. The factors of P are related to the neutrino propagators and are given by
The factor θ M is 1 if N is Majorana and is 0 otherwise. We note here that this formula and the results of this section apply also for H → tt → bbW + W − if we set θ M = 0 and
In particular, Eq. 17 matches the results of Ref. [17] when rewriting their formula in terms of on-shell W bosons.
We now define the z axis as the n 1 direction in the Higgs rest frame and define the sets of angles (θ 1 , φ 1 ) and (θ 2 , φ 2 ) of the W bosons (or equivalently the leptons) in the rest frames of the two heavy neutrinos using a coordinate system defined with respect to this axis
where W 1 = W − and W 2 = W + . The relative azimuthal angle of the W bosons/leptons with respect to the n 1 axis is Φ = (φ 2 − φ 1 ). This is the primary observable of interest and is similar to that proposed in studies of CP correlations in h → tt → bbW + W − (see, for e.g.,
Ref. [28] ) and generic studies of CP -violating observables [60] . This geometry is illustrated in Figs. 3 (a)-(b) .
After making the narrow width approximation for N and integrating over all angles except Φ, we obtain
for the process
is the velocity of the heavy neutrino in the Higgs rest frame, taken here to be on shell. As discussed above, the decay width of the neutrino should be extremely small, and therefore the use of the narrow width approximation here is very well justified 5 .
The preceding equation can be written in a normalized form as
Finally, we define a new angle χ according to (23) that is related to α (the CP phase of the Higgs boson) by
The Φ distribution can now be given as
The overall effect of the CP phase α in the coupling of the Higgs boson to NN is to introduce a phase shift in the cos(Φ) dependence of the differential decay width. In the limit M values of α. This behavior is shown in Fig. 4 (a) . Measuring α in this regime would therefore require knowing β N to very high accuracy.
In general, the measurement of this phase will depend on the ability to detect the actual Φ dependence of the distribution and, therefore, on the overall amplitude of the oscillation about the mean value. This is a function solely of the ratio M W /M N and is plotted in Fig. 4 (b) . In the limit that M N ≫ M W , the amplitude (relative to the mean value) reaches a maximum value of approximately (π/4) 2 ≈ 0.6. On the other hand, the amplitude vanishes
Therefore, the CP effects could be difficult to observe if N is not much heavier than the W boson.
For completeness, we also give the result for H → tt → bbW + W − :
This is the same as Eq. 25 with the replacement M N → M t . Indeed, for any heavy fermion of mass M F coupling to the Higgs boson in a manner similar to Eq. 14 and decaying via F → f ′ W ± , this formula will apply with the simple replacement M N → M F independent of both BR(H → F F ) and BR(F → f ′ W ± ).
B. Same-sign Case
While the opposite-sign signal has broad applicability to heavy fermions, we will now show a similar signal that is unique to Majorana fermions. The squared matrix element for 
Here we have ignored any interference with the crossed diagram, whose amplitude-squared contribution is represented here by the (W 1 ↔ W 2 ) term. This should be an excellent approximation, as the decay width of the Majorana neutrino should be extremely narrow.
We can simplify the matrix element squared further if we only keep the terms that remain in the narrow width approximation:
There are some notable differences between Eq. 29 and the opposite-sign case in Eq. 17.
Apart from the (W 1 ↔ W 2 ) term, there are terms proportional to (u 1 .n 1 )(u 2 .n 2 ) that are absent from Eq. 17. In addition, the terms that Eqs. 29 and Eq. 17 have in common differ by an overall minus sign. These differences ultimately lead to different behavior in the Φ distribution.
If we now label the leptons and W bosons, the four-momenta are given by
The crossed term simply swaps the W boson labels in these definitions (e.g. n 1 → l 1 + W 2 ).
In the discussion that follows, we can effectively ignore this term; it gives no contribution to the overall decay width because of the compensating symmetry factor for the identical bosons, and any contribution to the angular distributions can be recast in terms of the first term by a relabeling of the particle states.
If we now define Φ and χ as before, we find that the azimuthal distribution for the W bosons/leptons is given by
This differs from the result of Eq. 25 for the opposite-sign case only in the relative sign between the constant and cos(Φ − 2χ) terms. It is therefore the same distribution shifted by an additional phase of π. That the same-sign signal also shows a cos(Φ − 2χ)-dependence in the differential partial width is of particular interest: this signal will have considerably less SM background than the opposite-sign case and will therefore be much easier to detect and reconstruct. In addition, when adding the
together, the overall rate should be the same as in the opposite-sign case. The same-sign signal would therefore be much better suited for making a determination of the factor 2χ and, hence, α and the CP nature of the Higgs boson.
V. COMPARISON TO MADGRAPH
We perform a simple check of our results by implementing a model with a heavy Majorana neutrino (with couplings to the Higgs and W boson as described above) in MadGraph/MadEvent v4.4.57 [62] . To estimate its decay width, we assume the heavy neutrino decays entirely through W bosons with V lN ∼ 10
(where Γ t ≈ 1.5 GeV is the width of the top quark). We look at the decays H → NN → In both cases, it is important to properly pair the leptons and W bosons to reconstruct two on-shell neutrinos; in the opposite-sign case, the charge of the W bosons may be ambiguous if they both decay hadronically and in the same-sign case there is a fundamental ambiguity even if the charges are known. We followed a very simple procedure here: as we know each event is derived from the decay of two equal mass intermediate states with a very narrow width, we take the combination that minimizes
This works rather well for our MadGraph-level results; however, due to smearing effects and the inherent difficulties that will arise in reconstructing the Higgs rest frame, more elaborate techniques will likely be necessary in practice.
In Figs 
VI. CONCLUSIONS
We have demonstrated that the CP phase of a Higgs boson state in an extended Higgs sector may, in principle, be determined at the LHC by looking at angular correlations in the We have also verified that in the context of a fourth generation with heavy quarks, the process pp → H → NN can have a cross section of ≈ 100 fb -5000 fb at the LHC if the Higgs boson is heavy enough for on-shell decays to heavy neutrinos with mass M N > 100 GeV. This process, including the subsequent N decays, may therefore be observable above background, particularly in the case of the same-sign signal, which may allow for the azimuthal distributions to be measured at the LHC. 
